aBstraCt:
The objective was to study the effect of a commercially available xylanase (CAX), an experimental xylanase (EX), and EX in combination with protease (EXP) on the degradation of nondigestible carbohydrates (NDC) and apparent ileal digestibility (AID) of nutrients in wheat distillers dried grains with solubles (wDDGS). The control and 3 enzyme diets contained 96% wDDGS supplemented with vitamins, minerals, l-lysine, and chromic oxide as a digestibility marker in addition to enzyme premix. Eight ileal cannulated pigs were fed 4 experimental diets containing 96% wDDGS-a control diet or 1 of 3 diets with CAX, EX, or EXP-in a double 4 × 4 Latin square design. The experimental period lasted 7 d; adaptation lasted 4 d, and the ileal digesta were collected for 8 h on d 5 and 7, when spot samples of feces were also collected. Digesta samples were analyzed for NDC, total and soluble nonstarch polysaccharides (NSP), low molecular weight (LMW) NDC, OM, CP, fat, starch, and marker. Compared with the control diet, addition of CAX, EX, and EXP increased the AID of arabinoxylan by 32 (P < 0.001), 28 (P = 0.001), and 24% (P = 0.004), respectively. In addition, EXP increased the AID of noncellulosic polysaccharide glucose by 21% compared with the control (P = 0.005). Compared with the control, addition of EX, EXP, and CAX decreased the concentration of soluble arabinoxylan in ileal digesta by 40 (P < 0.0001), 40 (P < 0.0001), and 21% (P = 0.022), respectively. Furthermore, addition of CAX, EXP, and EX increased the concentration of LMW arabinoxylan in ileal digesta by 40 (P = 0.0001), 36 (P = 0.0006), and 24% (P = 0.023), respectively, compared with the control. Addition of EX and EXP decreased the concentration of soluble NSP of ileal digesta by 25 (P = 0.001) and 26% (P < 0.001), respectively, compared with the control diet. Addition of CAX (P < 0.0001) and EXP (P = 0.013) increased the arabinose-to-xylose ratio in the insoluble arabinoxylan fraction in ileal digesta compared with the control diet, and CAX increased the uronic acid-to-xylose ratio of the ileal insoluble NSP fraction (P < 0.0001) compared with the control diet. Enzyme addition did not affect AID of OM, CP, starch, and fat (P > 0.3). In conclusion, addition of xylanases to wDDGS diets increased the ileal digestibility of NSP and generated LMW NDC components in the small intestine of pigs but did not affect ileal digestibility of nutrients in the current study.
increasing quantities of wDDGS are available for use in animal feed (Widyaratne and Zijlstra, 2007) . The high content of dietary fiber in wDDGS may cause nutritional challenges when implemented at high levels in feed formulations for monogastric animals (Theander et al., 1989) .
Nonstarch polysaccharides (nsP) originate from the cell walls in the botanical grain fractions and make up approximately 25 to 30% of DM in wDDGS, with arabinoxylan (aX) and cellulose as the 2 major fractions (Pedersen et al., 2014) . Arabinoxylan consists of a D-xylose backbone joined together by β-1,4-linkages substituted with l-arabinose residues along the chain and may be linked together by ferulic acid cross-linkages, potentially impairing the enzymatic degradation of the cell wall (Izydorczyk and Biliaderis, 1995; Ishii, 1997; Bunzel, 2010) . Dietary supplementation of exogenous xylanase and protease may depolymerize cell walls and structural proteins in vivo, thus potentially increasing the release of nutrients and fiber degradation products of a lower molecular size.
This study focused on the effects of 2 xylanases and a combination of one of the xylanases with protease on diets fed to growing pigs at a high wDDGS inclusion rate. It was hypothesized that differences in substrate affinity between the xylanases affect the fiber degradation in vivo differently and that protease addition further increases the digestibility of nutrients. The degradation of the fiber matrix, composition of ileal digesta, apparent ileal digestibility (aid), apparent total tract digestibility of NSP, and macronutrients were examined. 
materiaLs and metHods

Enzymes and Experimental Diets
The effect of 2 different β-1,4-endoxylanases and 1 protease were investigated: a commercially available xylanase belonging to the glycoside hydrolysis family (gH) 11 (Danisco Xylanase 8000G; Danisco Animal Nutrition, Marlborough, UK), an experimental xylanase belonging to the GH10 family, and a protease (Multifect P-3000; Danisco Animal Nutrition). Enzymes were supplied as a dry premixed formulation by DuPont Industrial Biosciences ApS (Brabrand, Denmark).
The 4 experimental diets were as follows: the control, containing no exogenous xylanase or protease; CaX, containing 25,000 units/kg feed of commercial available xylanase, containing 25,000 units/kg feed of experimental xylanase; and eXP, containing 25,000 units/kg feed of experimental xylanase in combination with protease of 40,000 units/kg feed. Phytase (Phyzyme XP; Danisco Animal Nutrition) was applied in all 4 experimental diets at 500 phytase units/kg feed.
One unit of protease activity is equal to the amount of enzyme that releases 1 μg of tyrosine equivalent per minute from a casein substrate at pH 7.5 and 40°C. Xylanase activity was analyzed before preparation of premixes (concentrated mix of phytase, xylanase, and colored corn grits on a heat-treated wheat-based carrier). One unit of xylanase activity is equal to the amount of enzyme that releases 0.5 μmol of reducing sugar equivalents per minute from wheat AX at pH 4.2 and 50°C.
The wDDGS was delivered by Ensus Limited (Yarm, UK). The experimental diets were supplied with vitamins and minerals, enzyme premix, and dust binder (glycerol) as listed in Table 1 . Chromic oxide (Cr 2 O 3 ) was used as an inert digestibility marker.
Animals, Housing, and Feeding
Eight male pigs (Duroc × Landrace-Yorkshire) with an average BW of 32.4 ± 2.4 kg were surgically fitted with a permanent simple T-cannula 15 cm anterior to the ileal-cecal junction (Jørgensen et al., 1992) and allowed to recover for 2 wk before the study. During the recovery period, the pigs were gradually adapted to the experimental diets by feeding increased levels of distillers dried grains with solubles (ddgs).
The 8 pigs were individually housed in 3 by 2 m pens without bedding and with elevated plastic grids covering half of the pen, which allowed the pigs to rest and stay dry in an environmentally controlled room, and with the temperature maintained at 18 ± 2°C. The pens allowed freedom of movement during the entire experiment and visual and nose-to-nose contact between pigs in adjacent pens. A feeder and a nipple drinker were installed in each pen.
The pigs were fed each experimental diet for 7 d according to a double 4 × 4 Latin square design, to give 8 observations per diet. The pigs were weighed at the beginning of each period, and the daily feed allowance was adjusted on a period basis according to the estimated average BW on d 4. To avoid leftover feed, the pigs were fed restrictively, equal to 70% of the daily requirement for finisher pigs according to the Danish recommendations, corresponding on average to 2.1 × maintenance (i.e., 106 kcal ME/kg BW 0.75 ) using an estimated ME of 2,600 kcal/kg. The pigs were fed 3 times a day in 3 equal meals at 0730, 1530, and 2330 h. Diets were provided as dry meal and water was supplied ad libitum throughout the experiment period.
Sampling and Sample Preparation
On d 5 and 7, ileal effluent was collected continuously for 8 h after the morning meal using plastic bags attached to the open T-cannula barrel. Two to three drops of an aqueous solution of 0.2% sodium azide (Sigma-Aldrich, St. Louis, MO) were added to each collection bag to prevent microbial activity. The bags were removed whenever they were filled with digesta or at least once every 30 min. Furthermore, spot samples of feces were also collected on d 5 and 7. Collected feces and digesta samples were pooled per pig over each collection period and stored in a freezer at -20°C. When the trial was completed, all pooled samples were freeze-dried, milled (<0.5 mm), and stored at room temperature (22°C) until further analyses.
Chemical Analyses
Dry matter of wDDGS, diets, freeze-dried digesta, and feces were determined by drying to constant weight at 105°C for 20 h and ash was analyzed according to method 942.05 (AOAC, 2006) , CP (N × 6.25) was determined by the Dumas method (Hansen, 1989) , and chromic oxide was determined as described by Schürch et al. (1950) . The wDDGS, diets, and ileal digesta were analyzed for HCl fat according to the Stoldt procedure (Stoldt, 1952) , and starch was determined by the enzymatic-colorimetric method (Bach Knudsen, 1997), with samples analyzed in duplicates.
The NSP in wDDGS, diets, ileal digesta, and feces samples was determined according to Bach Knudsen (1997), with the modification that 2 M sulfuric acid for 1 h was used to hydrolyze the noncellulosic polysaccharides (nCP) rather than 1 M sulfuric acid for 2 h. For wDDGS, diets, and ileal digesta samples, the total content of nondigestible carbohydrates (ndC) including low molecular weight (LmW) residues, typically of degree of polymerization less than approximately 10, was determined by direct acid hydrolysis without starch removal and alcohol precipitation and corrected for starch content. Klason lignin was measured gravimetrically as the residue resistant to hydrolysis by 2 M sulfuric acid for 1 h (Bach Knudsen, 1997).
Residual ileal xylanase activity was determined by extracting samples (5.0 g of diet and 0.1 g of freeze dried ileal digesta) under stirring for 10 min at room temperature (22°C) in McIlvaine buffer, pH 5.0. After filtration and dilution, the samples were heated to 50°C and a 60-mg Xylazyme tablet (Megazyme International, Wicklow, Ireland) was added. After 60 min incubation, the reaction was stopped with a 2% Tris(hydroxymethyl) aminomethane solution. After centrifugation for 10 min at 1,500 × g at 10°C, the optical density was measured at 590 nm. The xylanase activity in samples was quantified relative to a standard curve with increasing amounts of known CAX activity. All samples and standards were analyzed in duplicate.
Calculations and Statistical Analyses
Total tract digestibility of OM and NSP constituents and the AID of OM, starch, NSP constituents, CP, and HCl fat were calculated by the indicator method (Stein et al., 2007) . Calculations were based on the average composition across the 4 diets.
The concentration of LMW NDC sugars was calculated as the difference between total NDC determined without ethanol precipitation (corrected for starch content) and total NSP content determined by the procedure including alcohol precipitation. Arabinoxylan content was calculated as the sum of anhydrous arabinose and xylose.
Residual xylanase activity (%) in ileal digesta was calculated as 
in which Cr is the chromic oxide content and A is the xylanase activity, with all values on DM basis.
Data were analyzed using the GLM procedure of Minitab 16 (Minitab Inc., State College, PA), with enzyme treatment and week as fixed factors and pig as the random factor followed by Tukey's pairwise comparison with overall significance level at P = 0.05. Values in the tables were reported as means and pooled SD.
resuLts
Chemical Composition
The chemical composition of wDDGS and the experimental diets is listed in Table 2 . The 4 diets had similar chemical composition with an overall average CP content of 36.5% of DM, total NSP of 26.9% of DM, HCl fat of 7.9% of DM, and starch of 1.6% of DM. The major NSP fraction of the diets was determined as insoluble NSP (21.3% of DM) whereas the soluble NSP fraction made up only 5.6% of DM. The NSP AX content of the diets made up 15.1% of DM, cellulose made up 6.0% of DM, and LMW NDC made up 5.1% of DM. On average, the Klason lignin content made up 8.3% of DM across the 4 diets. In addition, an arabinose:xylose ratio (a:X) of 0.61 and a uronic acid:xylose ratio (ua:X) of 0.11 were calculated for the 4 diets. Content of the remaining NSP constituents are listed in Table 2 . Due to the high inclusion rate of wDDGS, the diet composition of NDC and macronutrients was approximately equal to that of wDDGS.
Effect of Enzymes on Apparent Ileal Digestibility of Nonstarch Polysaccharides and Macronutrients
The AID of NDC AX, NSP components, and macronutrients is listed in Table 3 . Compared with the control diet, the addition of CAX increased AID of total NSP by 26% (P = 0.027) followed by EXP with a 23% increase (P = 0.049). Furthermore, the addition of CAX increased the AID of NSP AX by 32% (P < 0.001), EXP by 28% (P = 0.001), and EX by 24% (P = 0.004) compared with the control. In addition, EXP increased the AID of NCP glucose by 21% compared with the control (P = 0.005). No difference was observed in the AID of NDC AX among the treatments. The AID of the remaining constituent NSP sugars, that is, galactose, mannose, and uronic acids, were not different for the enzyme treatments compared with the control and with overall means of 17.5, 11.0, and 25.0%, respectively (data not shown). There was no effect of enzyme addition on AID of OM, starch, protein (N), or HCl fat (Table 3) . No statistically significant differences were observed on AID of NSP or macronutrients between the 3 enzyme treatments.
Effect of Enzymes on Nonstarch Polysaccharide Content and Composition in Ileal Digesta and Residual Xylanase Activity
No effect was observed on the concentration of insoluble NSP for the 3 enzyme treatments in ileal digesta, whereas addition of EX and EXP decreased the concentration of soluble NSP in ileal digesta by 25 (P = 0.001) and 26% (P < 0.001), respectively, compared with the control (Table 4 ). All enzyme treatments decreased the concentration of soluble NSP AX in ileal digesta compared with the control (Table 4) . EX and EXP reduced it by 40% (P < 0.0001), and CAX reduced it by 21% (P = 0.022). The total concentration of LMW NDC in ileal digesta increased by 34 and 29% with addition of 1 A:X = arabinose:xylose ratio; LMW = low molecular weight; NCP = noncellulosic polysaccharides; NSP = nonstarch polysaccharides; UA:X = uronic acid:xylose ratio.
2 CAX = commercial available xylanase; EX = experimental xylanase; EXP = EX in combination with protease.
3 Precipitated by 80% ethanol in the NSP procedure. 4 Values in brackets are soluble NSP. 5 Determined as difference between nondigestible carbohydrates and NSP.
CAX (P = 0.005) and EXP (P = 0.015), respectively, compared with the control. Furthermore, the addition of CAX, EXP, and EX increased the concentration of LMW AX in ileal digesta by 40, 36, and 23%, respectively (P < 0.05), compared with the control. Addition of CAX (P < 0.0001) and EXP (P = 0.013) increased the A:X in the insoluble NSP AX fraction in ileal digesta compared with the control, with CAX yielding a higher A:X than EX and EXP (P < 0.05). In addition, an increase in UA:X was observed in the ileal insoluble NSP fraction for the CAX treatment (P < 0.0001) compared with the control and other enzyme treatments.
Across all enzyme treatments, an increase in the proportion of LMW AX out of total NDC AX in ileal digesta was observed compared with the control (P < 0.003; Table 4 ). Furthermore, EX and EXP (P = 0.0001) and CAX (P = 0.04) treatments decreased the proportion of soluble NSP AX significantly compared with the control, with EX and EXP lower than CAX (P < 0.05). In addition, the CAX treatment decreased the proportion of insoluble AX out of total NDC AX in ileal digesta compared with the other 3 treatments (P < 0.0001).
The residual xylanase activity measured in ileal digesta varied among the 3 xylanase treatments, recovering 80, 22, and 20% xylanase activity for CAX, EX, and EXP treatments, respectively, indicating large differences in the tested enzyme stability in the gastrointestinal tract of pigs.
Effect of Enzymes on Apparent Total Tract Digestibility of OM and Nonstarch Polysaccharides
Spot samples of feces collected during the experiment indicated that enzyme addition had no effect on apparent total tract digestibility of OM (63.6%), total NSP (48.5%), or NSP constituents. Mannose (84.9%) had the greatest total tract digestibility of the NSP constituents followed by NCP glucose (75.8%), xylose (54.3%), galactose (46.8%), arabinose (43.8%), uronic acids (42.8%), and cellulose (29.0%), respectively. The A:X in collected feces was 0.80 with no significant differences between dietary treatments (data not shown).
disCussion
In the current study, supplementation with exogenous xylanase and xylanase in combination with protease depolymerized a large proportion of the AX fraction in wDDGS, indicating a high potential of the xylanases to degrade wDDGS fiber. Across enzyme treatments, the increased AID of NSP AX led to a further increase in the concentration of LMW AX in ileal digesta, indicating that the exogenously added enzymes were active 2 CAX = commercial available xylanase; EX = experimental xylanase; EXP = EX in combination with protease.
3 Precipitated by 80% ethanol in the NSP procedure. 4 Determined by direct hydrolysis without ethanol precipitation. a-c Within a row, means without a common superscript differ (P < 0.05).
1 A:X = arabinose:xylose ratio; AX = arabinoxylan; LMW = low molecular weight; NSP = nonstarch polysaccharides; UA:X = uronic acid:xylose ratio.
3 Precipitated by 80% ethanol in the NSP procedure. 4 Determined as difference between NDC and NSP.
5 Determined by direct hydrolysis without ethanol precipitation.
under in vivo conditions. The observed greater AID of NSP AX than NDC AX for all treatments is because the in vivo generated LMW AX that remains in the gut is not measured in the NSP procedure, which leads to an overestimation of the ileal digestibility of AX when measured as NSP. Furthermore, because the AID of NDC AX did not differ among diets, enzyme addition did not affect microbial utilization or absorption of AX fragments through the small intestine and did not lead to an increase in the AID of OM. The use of both GH10 (EX and EXP treatments) and GH11 (CAX treatment) xylanases in this study allowed for a comparison between enzymes from these 2 xylanase families and their corresponding differences in wDDGS depolymerizing dynamics in vivo. Xylanases of the GH10 family have been shown to exhibit large catalytic versatility and low substrate specificity, whereas GH11 xylanases exhibit specificity toward unsubstituted regions of AX (Biely et al., 1997; Fujimoto et al., 2004; Pell et al., 2004; Paes et al., 2012) . The A:X and UA:X are indicative of the average degree of substitution of the AX. The nature and frequency of AX substitutions differ among the different botanical grain fractions in wheat with the A:X ranging from 0.4 to 0.5 in the aleurone layer, 0.8 to 0.9 in the endosperm, and 1.1 to 1.2 in the outer pericarp (Barron et al., 2007) . Addition of CAX, which is a GH11 xylanase (CAX treatment), increased A:X and UA:X in ileal digesta, which corresponds well with the higher specificity for breakdown of unsubstituted regions of the AX chain for this particular xylanase, thus leaving behind the more substituted AX. When considering the lower substrate specificity of the GH10 xylanase and the relatively high cell wall complexity in wDDGS, the GH10 xylanase (EX and EXP treatment) could be speculated to be more efficient toward degradation of AX in wDDGS than the GH11 xylanase (CAX treatment). In contrast, CAX induced the highest degradation, which is likely related to the significantly higher recovery of xylanase activity in ileum for the CAX treatment than the EX and EXP treatments. Despite the low recovery of xylanase activity in the ileal effluent, the observed positive effects of both the EX and EXP treatment indicates a high potential of the GH10 xylanase for DDGS degradation, especially if the in vivo stability can be improved.
Endoxylanases cleave the β-1,4-glycosyl linkages within the β-1,4-xylose backbone of insoluble as well as soluble AX, thus partially solubilizing insoluble AX and fragmenting soluble AX and AX solubilized from insoluble AX into LMW AX (Biely et al., 1997) . All enzyme treatments increased the concentration of LMW AX in ileal digesta. However, the observed differences in the proportions of LMW and soluble and insoluble AX components in ileal digesta among treatments indicate different depolymerization dynamics in vivo between the 2 xylanases. As the proportion of soluble AX out of total NDC AX decreases and the proportion of insoluble AX is not affected for the EX and EXP treatment compared with the control diet, it can be speculated that the EX has a higher specificity for depolymerizing soluble AX than insoluble AX into LMW AX components in vivo. A possible explanation for this is the higher degree of substitution of the AX in the soluble than in the insoluble. The proportions of both insoluble AX and soluble AX decreased for the CAX treatment compared with the control diet, indicating that the CAX may depolymerize both insoluble and soluble AX into LMW AX components in vivo. However, it cannot be concluded whether the depolymerization of insoluble AX by CAX directly generates LMW AX components or that the generation of LMW AX components occurs through a soluble polymeric AX intermediate. These LMW AX components (i.e., arabinoxylan-oligosaccharides) are generally acknowledged as being associated with potential prebiotic effects (Gibson et al., 2004; Van Craeyveld et al., 2010; Broekaert et al., 2011) . However, due to the heterogenous mixtures of these generated LMW components regarding the degree of polymerization and structure, their prebiotic effect may vary. A more thorough experiment to determine the effect of these LMW on microbiota composition and fermentation is required.
Feeding wDDGS as the only carbohydrate source in the diet (96%, as fed) allowed for a direct investigation of the enzymes' capability of degrading wD-DGS fiber deprived of NSP substrates originating from other feed components. Collectively, the CAX had a larger effect on AID of NSP and induced a higher concentration of LMW NDC in ileal digesta than the EX and EXP treatments. Conserving enzymatic activity throughout the upper gastrointestinal tract is crucial to enable the full degradation potential of exogenous enzymes. Gastrointestinal proteolysis by pepsin and pancreatic juice along with low stomach pH are all factors that potentially may lead to total or partial inactivation of exogenous enzyme activity (Morgavi et al., 2001) . Therefore, it can be speculated that the numerically higher enzymatic degradation observed with the CAX treatment compared with the EX and EXP treatments is related to the approximately 4 times higher residual ileal xylanase activity for the CAX treatment, consequently leading to an increased NSP hydrolysis.
We have previously described how the most readily degradable AX in corn is degraded and modified during DDGS processing (Pedersen et al., 2014) and how the ester-linked ferulic acid dimers and trimers in corn are concentrated more than 3.5-fold in DDGS (Pedersen et al., 2015a) . Logically, the same should be true for wD-DGS. It can be speculated that the effect of xylanase ad-dition in diets high in wDDGS (and DDGS in general) may be limited, as the most readily degradable AX has already been degraded during DDGS production. This leaves behind a more complex and consequently not as easily accessible AX substrate for the exogenous xylanase, for example, AX with ester-linked ferulic acids. These ester linkages may cross-link 2 or more polysaccharide chains by forming dimers, trimers, and maybe even higher oligomers (Bunzel, 2010; Dobberstein and Bunzel, 2010; Jilek and Bunzel, 2013) , which have previously been described to impair the enzymatic degradation potential of the cell wall (Grabber et al., 1998a,b) . In addition, we have previously proposed how the markedly greater content of ferulic acid ester linkages in corn DDGS than in wDDGS hinders the enzymatic degradation in vitro (Pedersen et al., 2015b) . As different xylanases can possess very different substrate specificities, a xylanase with a high specificity toward complex AX substrates is required for degradation of the fiber matrix in DDGS.
Addition of xylanase has been reported to improve both ileal and total tract nutrient (e.g., AA, CP, DM, NDF, and energy) digestibility and performance in swine fed wheat-based diets (Barrera et al., 2004; Diebold et al., 2004; Woyengo et al., 2008) and diets containing wheat milling coproducts (Yin et al., 2000; Nortey et al., 2007 Nortey et al., , 2008 . However, the effects of xylanase addition are not consistent and several studies showing no effects have also been described (Rosenfelder et al., 2013) . Widyaratne et al. (2009) reported an increase in ileal digestibility of energy by xylanase addition in wheat but not in diets containing 40% wDDGS and Yanez et al. (2011) reported no effect of xylanase addition in diets containing 44% of co-fermented corn DDGS and wDDGS, whereas Emiola et al. (2009) reported an improved ileal nutrient and total tract energy digestibility and growth performance by adding a combination of xylanase, β-glucanase, and cellulose enzymes in pigs fed 30% wDDGS. The effects of xylanase addition may be more or less pronounced depending on the response parameters measured to evaluate xylanase performance. As illustrated in this study, xylanase addition did not significantly affect AID of macronutrients or OM; however, detailed fiber analyses (NSP and NDC analyses) of the different xylanase substrates in the feed matrix and xylanase degradation products (LMW NDC) revealed a marked effect on fiber degradation of the xylanase treatments in vivo.
Addition of protease in combination with xylanase did not have any additional effects on nutrient digestibility or production of LMW components, except on the AID of NCP glucose observed for the EXP treatment. As a result of their broad substrate affinity, GH10 xylanases are described to be able to hydrolyze certain β-1,4-glycopyranosyl linkages, for example, present in β-glucan (Biely et al., 1997) , which may explain the increased AID of NCP glucose for the EXP treatment. However, despite the presence of the same xylanase, the EX treatment did not significantly increase AID of NCP glucose. Furthermore, limited substrate availability for the exogenous and endogenous proteolytic enzymes may, in part, explain why no overall additional effects were observed by protease addition. The Klason lignin content in the wDDGS (8.3% of DM) is relatively high compared with what would be expected based on the content in wheat (1.9% of DM; Bach Knudsen, 1997) , which may indicate the presence of Maillard products (damaged protein) formed during excessive drying of the wDDGS (Bunzel et al., 2011; Pedersen et al., 2014) . Maillard products are a common concern in relation to DDGS quality, due to the associated negative effects on protein digestibility (Pahm et al., 2009; Kim et al., 2012) and especially low lysine digestibility reported in wDDGS diets (Nyachoti et al., 2005; Lan et al., 2008) . The presence of Maillard products may also have limited the potential additional effects of protease addition on, for example, AID of CP and, potentially, AID of NSP closely associated with proteins in the cell wall matrix. We have previously suggested that AX degradation products in DDGS may be more reactive in the formation of Maillard products during DDGS drying, due to the larger proportion of reducing ends after hydrolysis (Pedersen et al., 2014) .
Despite the observed effect of exogenous enzymes on ileal digestibility of NSP, analyses of fecal spot samples indicated no effect on the total tract digestibility of OM or NSP, presumably because the depolymerized ileal NSP fragments was not limiting for the microbial fermentation in the large intestine or quantitatively insufficient. Furthermore, it can be speculated that the relative short adaption period of 5 and 7 d to each treatment was not sufficient to stabilize the microbiota to the changes occurring in the small intestine by the exogenous enzymes, therefore potentially masking the effects of xylanase addition on total tract digestibility. A more thorough experiment to determine the effect on microbiota composition and fermentation is required to explore the effect of enzymes in the lower gut.
In conclusion, addition of xylanases to pig diets containing wDDGS can increase the ileal digestibility of NSP and generate LMW NDC components in the small intestine but did not affect the ileal digestibility of nutrients in the current study. The dynamics of DDGS fiber depolymerizing depends on the substrate affinity of the xylanases. To further increase the enzymatic degradation of wDDGS, the applied enzymes must have affinity toward highly complex substrates and preserve enzyme activity throughout the small intestine of the pig.
